We evaluate the mass shift of isospin-averaged D-meson in the nuclear medium.
Introduction
Changes of hadron properties in the nuclear medium have recently attracted great interests in theoretical studies. They also have induced the on-going experiments and forthcoming experimental plans in heavy nuclei in GSI and in relativistic heavy-ion collisions in SPS at CERN and AGS, RHIC at BNL 1 . In particular the spectral changes of vector mesons are expected to be a possible signal to investigate such medium effect, because their leptonic decay in the medium can supply us information of the medium without disturbance of the strong interaction. Motivated by this experimental advantage, the in-medium effect of the light vector-mesons (ρ 0 , ω and φ) has been mainly studied in effective hadronic models 2 and QCD sum rules (QSR's) [3] [4] [5] [6] [7] [8] [9] . Recently we applied the QSR method to low-lying heavyquarkonium (J/ψ) in order to investigate its mass shift in nuclear matter and the J/ψ-nucleon interaction at low energy 10 . It was shown that the J/ψ mass at normal matter density drops by 0.1 ∼ 0.2% of its vacuum value. This negative mass-shift of J/ψ corresponds to a small decrease of the mass, 4 ∼ 7 MeV 10,11 . This is much smaller than the similar effect in the light mesons such as ρ 0 and ω [3] [4] [5] [6] . This difference can be understood as follows: In QSR the magnitude of the spectral change is related to the in-medium change of quark and gluon condensates 12, 13 . In the linear density approximation, the quark operators give a dominant contribution for ρ 0 and ω, and have significant change in the matter. On the other hand, the dominant in-medium gluon condensates at the normal matter density for J/ψ are only 5 ∼ 10% smaller than its vacuum value.
In this paper, we generalize the above calculations and apply the QSR analysis in Ref. 6 to light and heavy quark systems with unequal mass. We focus on in-medium properties of pseudoscalar mesons D's. Studying the mass modification of the D-mesons in the nuclear medium is important by the following physical reasons: Motivated by these points, we investigate the properties of D-mesons in the nuclear matter through the D-N interactions, using an application of Borel-transformed QSR to the D-N forward scattering amplitude. Here we deal with isospin-averaged D-meson current for simplicity.
After a brief explanation of the QSR formulation, in the next section, we calculate the mass shift at finite density using the Borel QSR and compare the results with the mass shift of J/ψ calculated in Ref. 10 . On the basis of these results, we will discuss a possible mechanism of J/ψ suppression through the level crossings between the charmonium states and the DD threshold.
QCD sum rule analysis for D-meson mass shift
We start with a two-point in-medium correlation function Π NM P S to discuss hadron properties in the nuclear matter. In the Fermi gas approximation for the matter, Π NM P S is divided into two parts by applying the operator product expansion (OPE) to the correlators in the deep
One is a vacuum part, Π 0 P S , and another is a static onenucleon part, T P S . This decomposition is expected to be valid at relatively low density 16 .
Namely, in the framework of QSR, Π NM P S can be approximated reasonably well in the linear density of the nuclear matter that all nucleons are at rest 6, 12, 16 :
where ρ N denotes the nuclear matter density, and the forward scattering amplitude T P S of the pseudoscalar current-nucleon is
Here q µ = (ω, q ) is the four-momentum carried by the D-meson current, 
Here the leptonic decay constant f D is defined by the relation
where (4) is the first derivative of δ function with respect to ω 2 . The first term proportional to a is the double-pole term corresponding to the on-shell effect of the T -matrix and a is related to the scattering length 
We may determine these unknown parameters by using a dispersion relation and matching the phenomenological (ph) side with the OPE side. Before such analysis, we can impose a constraint from the low energy theorem among these parameters: In the low energy limit
We assume two cases to take the Born term into the "ph" side. The case (i) and the case (ii)
are defined as follows 6 . At q µ = 0, we require the ω 2 -dependence of the Born term explicitly in the case (i):
with the condition a m
In the case (ii), we do not require the ω 2 -dependence of the Born term explicitly:
with the condition
If T Born P S (0) = 0, two cases coincide. We determine two unknown phenomenological parameters a and b in the QSR after the parameter c is removed by the condition of Eq. (7) 
and
where the static masses of charmed baryons are 2.28 GeV for Λ 
The pseudoscalar form-factor g p (q 2 ) is introduced through the following relation 17 ,
where u(p) is a Dirac spinor and Q(q) in the pseudoscalar current is the heavy(light)-quark.
Furthermore, g p (q 2 ) is related to a coupling constant g N DB such as
where m q denotes a light-quark mass. g N DΛc has been estimated in Ref. 17 which gives g DN Λc ≃ 6.74. However since g DN Σc has not been evaluated, we take an approximation
On the other hand, there are no inelastic channels like the above for Eventually we determine parameters a and b simultaneously after applying the Borel transform to both the OPE side and the "ph" side.
Numerical results in the Borel sum rule
After performing the Borel transformB of the T P S calculated in the OPE up to dimension-4 18 , we obtain as a function of the Borel mass M B T
where · N denotes the nucleon matrix element. The renormarization scale is taken to be µ 2 = 1 GeV 2 and the Euler constant is γ E = 0.5772 · · ·. Corresponding formula for the "ph"
side, in the case (i) readŝ
and that in the case (ii) readŝ
In Eq. (15) very close to the D-N threshold. As shown in Fig.1 , the sub-threshold effect is repulsive both in the case (i) and the case (ii) and its contribution in the case (ii) is stronger than that in the case (i). This is analogous to the case for the K − -p interaction 23, 24 . In Fig.1 , the remaining three lines are evaluated by extracting the contribution of m cN term in the OPE from the solid, dashed and doted lines respectively. We find that the contribution of m cN term is more than 95% of total contribution corresponding to the solid, dashed and doted lines within the plateau regions.
The analysis of this graph is summarized in Table 1 . We cannot determine th Borel windows, since there is only lowest-dimension term in the OPE side. Therefore we take the following procedure to determine a window of M 2 : We focus on a plateau region of each line shown in Fig.1 . First, we take the minimum point in the line as the smallest value of δm D . Next, we determine two points in M 2 as the deviation from the minimum value of δm D becomes less than 10% of the minimum value. We take the region between the two points as a window of M 2 . The window of M 2 in each line is given in Table 1 . As shown in 
It should be stressed that the QSR for vacuum correlation function Π . It is noted the above results were performed at the nuclear matter density, ρ N = ρ 0 ∼ 2ρ 0 , where ρ 0 is the normal matter density. Assuming that the linear density approximation in the QSR is valid at the nuclear matter density, we find these results lead to a larger decrease of the D-meson mass than that of the charmonium.
We also find that the large mass-shift of the D-meson originates from the contribution of m cN term in the OPE. In the QMC model, the contribution from the m cN term may correspond to a quark-σ meson coupling. In fact, the model predicts the mass shift of the D-meson becomes −60 MeV for the scalar potential at the normal matter density 14 . Their results are very close to our results.
Concluding remarks
We present an analysis of isospin-averaged D-meson mass-shift through a direct application of the Borel QSR to the forward scattering amplitude of the pseudoscalar current and nucleon. Here we perform the operator product expansion with all the terms up to dimension-4. ing, as mentioned before, the formulation of QSR used here is applicable to dilute nuclear matter in comparison to highly dense nuclear matter produced in high energy heavy-ion collision. If we try to discuss the mass shifts at higher density, it will need an extension or some improvements in the above formulation. This is one of important future works for us.
However we may say that our calculation in this paper can suggest a possibility of the level crossings even in only 1 or 2 times normal matter density and lets one expect the direct J/ψ suppression at sufficiently higher density.
We may also suggest another phenomenon caused by the level crossings discussed above.
It is a change of the decay width of the charmonium. In the vacuum the resonances above Needless to say, in the high energy heavy-ion collisions we must also perform the theoretical investigation of finite temperature effect 8, 31, 32 to the mass modification. Therefore, a future task will be to understand the medium effect in terms of the QSR when both temperature and density are finite. As for investigation of only the D-N interaction, an inverse kinematics experiment will give useful information 33 . Since the projectile (target) is a heavy-ion beam (light-nuclei), the decays of the D-meson 15 and the charmonium inside a nucleus will be possible in such an experiment.
Before closing, it is stressed that we should take the above analysis for the isospin- , we predict that the threshold lying just below 1D state in free space falls down below the ψ ′ state at normal matter density and the χ c2 state twice at the density. 
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